One sentence summary: A new recombinase has been employed for site-specific recombination, markerless gene deletion, insertion and point mutation in Lactobacillus casei. Editor: Michael Sauer † Jian Kong, http://orcid.org/0000-0002-2872-2078
INTRODUCTION
Bacteriophages are possibly the most abundant and diversified biological entities on the biosphere. A large number of prophage sequences that are considered as reservoirs of many functional genes have been found in the sequencing bacteria genomes (Ventura et al. 2006) . With the development of massively parallel sequencing and rapidly synthetic biology, more and more functional phage-derived genes have been exploited to improve their application in therapy, diagnostics and biotechnology (Lu, Bowers and Koeris 2013) . Nowadays, endolysins and other phageencoded proteins act as effective broad-spectrum antimicrobials in food product preservation (Nakonieczna, Cooper and Gryko 2015) . Integrases from bacteriophages are used for development of site-specific integration systems (Groth and Calos 2004) and the phage encoding auxiliary metabolic proteins could mobilize the host energy storage (Thompson et al. 2011 ).
Additionally, prophage-derived recombinase operons encoding for proteins that catalyze recombineering have been developed for in vivo precise and high-efficiency genome engineering, termed recombineering, in several bacteria (Zhang et al. 1998; Yu et al. 2000; van Kessel and Hatfull 2007; Yang, Wang and Qi 2015; Yin et al. 2015) .
The well-characterized prophage-derived recombinase operon RecET was explored from Rac phage, which facilitated efficient and precise genome engineering in Escherichia coli (Zhang et al. 1998) . Subsequently, the equivalent prophagederived recombinase operon was discovered from λ phage, which encodes Redα, Redβ and Redγ (Yu et al. 2000) . Redα, like RecE, is a 5 -3 exonuclease that generates 3 -ended singlestranded DNA (ssDNA) overhangs (Little 1967; Zhang et al. 2009 ). Redβ, like RecT, is a single-strand annealing protein (SSAP) that binds to ssDNA and promotes strand exchange and strand invasion (Kmiec and Holloman 1981; Thresher et al. 1995) . Moreover, only the SSAP is required for ssDNA recombineering promoted by a fully single-stranded oligonucleotide in E. coli (Ellis et al. 2001; Sawitzke et al. 2013) as well as other bacteria (van Kessel and Hatfull 2008; van Pijkeren and Britton 2012) . Additionally, expression of the host-nuclease inhibitor Redγ along with the full-length RecE/RecT or Redα/Redβ obviously increases the efficiency of recombineering (Yu et al. 2000; Fu et al. 2012) . Besides in E. coli, the λ Red system from λ phage can be directly functional in Salmonella enterica (Bunny, Liu and Roth 2002) , Agrobacterium tumefaciens (Hu et al. 2014) and Pseudomonas putida (Luo et al. 2016) . However, the practicability of the λ Red system in lactic acid bacteria (LAB) species has not been reported.
LAB are a heterogeneous group of commercial microorganisms and commonly used in industry for food fermentation and beverage products . Bacteriophages infecting LAB strains can cause serious problems in dairy fermentation, which results in economic losses (Mercanti et al. 2011) . However, in recent years, the information gained from the research of genetic processes in LAB bacteriophage lifecycles promoted utilizing phage-derived genes to develop novel genetic tools in LAB (Grath, van Sinderen and Fitzgerald 2002) . A functional prophage-associated recombinase operon from LAB has been developed in Lactobacillus plantarum (Yang, Wang and Qi 2015) . However, in our preliminary experiment, Lp 0640-41-42 did not mediate recombination in other LAB species, such as L. casei. Therefore, to search novel host-specific phage-derived recombinase operons encoding recombineering proteins workable in other LAB strains will accelerate the development of the metabolic engineering in LAB (Yin et al. 2017) .
Lactobacillus casei is a common non-starter strain that plays key roles in dairy fermentations (Vinogradov et al. 2016) . Due to the virtue of generally regarded as safe status, certain L. casei strains have been suggested to possess potential therapeutic effects (Kato-Kataoka et al. 2016; Lenoir et al. 2016) . Also, L. casei was an ideal candidate for in vivo delivery of therapeutic and prophylactic molecules for human and animal health . So far, 33 whole genomes of L. casei have been sequenced and annotated in the GenBank database. Surprisingly, these strains carry one or more prophages or prophage remnants in their genomes which opens new perspectives for analyzing the functional prophage-associated genes.
In this study, we identified a λ Red analogous LCABL 13040-50-60 from the prophage PLE3 (Dieterle et al. 2016) in L. casei BL23 genome, and demonstrated that this prophage-derived operon has the similar recombinase activity to the λ Red system in L. casei BL23. Combined with cre-lox genetic technology, the feasibility of LCABL 13040-50-60 recombinases in gene deletion, insertion and precision point mutation in L. casei BL23 were investigated. Moreover, the recombinase activity of LCABL 13040-50-60 was also investigated in wide lactobacilli strains. Our results indicated that LCABL 13040-50-60 has great potential in genome engineering in wide lactobacilli strains.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Bacterial strains and plasmids used in this study are listed in Table S1 (Supporting Information). Lactobacilli and their derivatives were grown statically in deMan Rogosa Sharpe (MRS) broth (Oxoid) at 37
• C. As hosts for plasmids construction, Escherichia coli were grown aerobically in Luria-Bertani medium at 37
• C. If necessary, antibiotics were supplemented as follows: 5 μg/ml erythromycin or chloramphenicol and 25 μg/ml rifampicin for lactobacilli, 250 μg/ml erythromycin for E. coli XL1-Blue,100 μg/ml ampicillin for E. coli DH5α, respectively.
Bioinformatics analysis of the prophage-derived operon
The operon of LCABL 13040-50-60 was inspected by the BioCyc to Adopt Subscription Model (http://biocyc.org/) (Caspi et al. 2016) . The secondary structure of the LCABL˙13040 was predicted with PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) (Jones 1999) . The function of LCABL˙13060 was predicted in the HMM database using the HHpred tool (http://toolkit.tuebingen.mpg.de/hhpred) (Alva et al. 2016) . And the modeled protein structure of LCABL˙13060 was constructed by Robetta (http://robetta.bakerlab.org/) (Kim, Chivian and Baker 2004) using the crystal structure of putative exonuclease (Rer070207002219) from Eubacterium rectale (PDB code: 3L0A) as a template. The predicted protein structure was superimposed with the C-terminal nuclease domain of RecE (PDB code: 3H4R) using PyMOL (http://www.pymol.org) to locate the putative active site residues.
Molecular manipulation
Oligonucleotides used in this study are listed in Table S2 (Supporting Information). To express prophage-derived recombinase operon LCABL˙13040-50-60 in lactobacilli, LCABL 13040-50-60 was generated from Lactobacillus casei BL23 genomic DNA using primers 456F and 456R, and inserted into the compatible sites of vector pMSP3535 (Bryan et al. 2000) , generating plasmid pMSP456. pMSP45 expressing LCABL 13040-50 and pMSP56 expressing LCABL 13050-60 were constructed by the similar strategy of pMSP456. To co-express LCABL 13040-50-60 and Redγ , LCABL 13050-60 and Redγ , Redγ was amplified from pTKRED (Kuhlman and Cox 2010) with primers Redγ F2 and Redγ R, and inserted into pMSP456 and pMSP56, generating plasmids pMSP456γ and pMSP56γ . To co-express LCABL 13040-50 and Redα, Redα was amplified from pTKRED (Kuhlman and Cox 2010) with primers RedαF and RedαR, and inserted into pMSP45, generating plasmid pMSP45α. For preparation of linear donor galK disruption cassette, the chloramphenicol resistance gene cat was obtained by PCR from the plasmid pNZ8148 using primers catF and catR containing lox66 and lox71 sites, yielding lox66-cat-lox71 fragment. The 975-bp upstream and 1028-bp downstream homology arms were PCR amplified from the chromosomal DNA of L. casei BL23 using primer pairs galk-uF/galk-upR and galk-dF/galk-dR and the two resultant fragments were spliced by an overlap extension PCR using primers galK-uF and galK-dR, leading to fusing product updown fragment. The lox66-cat-lox71 fragment and up-down fragment were inserted into the suitable sites of pUC19, creating pUCgalK. The galK disruption cassette was generated by PCR amplification from vector pUCgalK using primers galK-uF and galK-dR. The linear donor insertion cassettes were prepared by the same method.
Prophage-derived recombinases mediated gene deletion and insertion in Lactobacillus casei BL23
To demonstrate the recombineering function of LCABL 13040-50-60, we performed a 167-bp galK fragment deletion and gfp gene insertion in L. casei BL23. The electroporation of lactobacilli harboring pMSP456 and its derivatives was performed with the following conditions. Briefly, 200 μL of overnight cultures from an isolated colony was incubated into 5 ml MRS supplemented with 1% glycine and 0.75 M sorbital and cultured at 37
• C statically. Expression of prophage-derived recombinases was induced by 5 ng/ml nisin at initial OD 600 of 0.25 to 0.30 until OD 600 of 0.60 to 0.65, followed by 5-min incubation on ice and preparation of electrocompetent cells (Yang, Wang and Qi 2015) . The electroporation was performed utilizing a BioRad Genepulser (BioRad, 2000 V, 25 μF, 400 ) after the mixture of linear donor double-strand DNA (dsDNA) disruption cassette (4 μg unless otherwise specified) and competent cells was kept on ice for 10 min. After electroporation, 1 ml of SMRS (MRS supplemented with 0.1 M MgCl 2 and 0.5 M sucrose) was added to the cuvette and recovered at 37
• C for 1 h unless otherwise specified.
Subsequently, the cells were plated on MRS plates containing chloramphenicol.
Excision of selectable marker for gene deletion by cre-lox system in Lactobacillus casei BL23
The cre gene was amplified by PCR from plasmid 706-Cre using primers creF and creR. The resultant fragment was digested with PstI and SalI and inserted into the PstI and XhoI sites of pMSP3535 to create pMSPcre. For excision of selectable marker, mutants with lox66-cat-lox71 were cultured at 37
• C without erythromycin for 24 h and streaked on a MRS plate to cure the plasmid pMSP456. After single-colony isolation, a plasmid-free mutant was electroporated with the plasmid pMSPcre. The Cre recombinase expression was induced at OD 600 of 0.4 to 0.8 with 10 ng/ml nisin for 24 h. After plated onto MRS plates, marker-free mutants were tested by PCR. Subsequently, the plasmid pMSPcre was cured in the same way as pMSP456 to obtain a mutant.
Prophage-derived recombinases mediated ssDNA recombineering in Lactobacillus casei BL23
To screen easily, the rpoB gene that encodes DNA-directed RNA polymerase subunit beta was employed as a targeted gene. A natural rifampicin-resistant mutant of L. casei BL23 was isolated and the gene sequence of rpoB was determined by sequence alignment. According to a previous criterion (van Pijkeren and Britton 2012; , the oligo rpoB5 was designed for introducing a H487R point mutation and yielding a rifampicin-resistant phenotype. And the recombineering conditions were similar to the above dsDNA recombineering conditions. Briefly, overexpression of prophage-derived recombinases was induced by 5 ng/ml nisin at initial OD 600 of 0.25 to 0.30 until OD 600 of 0.60 to 0.65, the compatible cells were mixed with 100 μg ssDNA oligo and the mixture was kept on ice for 10 min. After electroporation, I ml of SMRS was added to the cuvette and recovered at 37
• C for 2 h. Subsequently, the recovery was plated on MRS plates containing rifampicin. The rifampicin-resistant transformants were checked by a mismatch amplification mutation analysis-PCR (MAMA-PCR) method (Cha et al. 1992; Qiang et al. 2002) with primers rpoB-F, rpoB-M and rpoB-R.
Extending the LCABL 13040-50-60 recombinase operon to other LAB strains
For extending the LCABL 13040-50-60 recombinase operonbased dsDNA recombineering to other LAB strains, plasmid pMSP456γ were 
Fluorescence assay
Fluorescence intensity of integrants was determined according to our previous work (Xin et al. 2017 ). For each sample, three repetitions were performed.
RESULTS
Bioinformatic analysis of potential prophage recombination proteins in Lactobacillus casei BL23
From 33 whole genome sequences of L. casei available in GenBank database, the gene LCABL 13050 (GenBank: CAQ66389.1) from prophage PLE3 in the L. casei BL23 genome was annotated as RecT (Dieterle et al. 2016) . Blast searching indicated that LCABL 13050 belongs to RecT superfamily and contains a conserved SSAP domain (Iyer, Koonin and Aravind 2002) . Moreover, by searching LCABL 13050 in the BioCyc to Adopt Subscription Model (Caspi et al. 2016) , the LCABL 13040 (GenBank: CAQ66388.1), LCABL 13050 and LCABL 13060 (GenBank: CAQ66390.1) were predicted to be transcripted as an operon. These results led us to speculate that LCABL 13040-50-60 might be a novel prophage-derived recombinase operon. Structure retrieve in the PDB database indicated that LCABL 13060 scored a best hit with the putative exonuclease (Rer070207002219) from Eubacterium rectale (PDB code: 3L0A) (HHpred Probab = 100.00 and E-value = 1.3e-31). As the identity (38%) and similarity (0.684) between this exonuclease and LCABL 13060 were high enough for homologous modeling, the structure of LCABL 13060 was modeled by Robetta using this exonuclease (PDB code: 3L0A) as a template. Then, the predicted protein structure was compared with the C-terminal nuclease domain of RecE (PDB code: 3H4R) of ET recombineering system using PyMOL. As shown in Fig. S1 (Supporting Information), the active sites (Asp-748, Asp-759 and Lys-761) of RecE (Zhang et al. 2009 ) were also predicted in LCABL 13060 (Asp-133, Asp-144 and Lys-146) and located on the same spatial position, suggesting that LCABL 13060 might possess exonuclease activity. LCABL 13040 that composed of 137 amino acid residues is similar to the length of Redγ (138 amino acid residues). Secondary structure predictions using PSIPRED (Jones 1999) indicated that there is no beta-sheet in the full region of LCABL 13040, while the N-terminal region is a long helical structure (Fig. S2, Supporting Information) . Based on the above bioinformatics analysis, we predicted that LCABL 13040, LCABL 13050 and LCABL 13060 in L. casei BL23 had a similar function to Redγ , Redβ and Redα in Escherichia coli.
Investigation of the potential recombination activities of LCABL 13040-50-60 in Lactobacillus casei BL23
To investigate the potential recombineering activities of LCABL 13040-50-60 in L. casei BL23, we first performed gene replacement using dsDNA donor galK-cat cassette. As shown in Fig. 1A , after LCABL 13040-50-60 were overexpressed, the dsDNA donor galK-cat cassette was electroporated into cells to target the 167-bp galK (GenBank: CAQ65855.1) fragment. If recombination occurred, the 167-bp galK fragment would be replaced by the cat gene to endow the cells with chloramphenicol resistance. Expectedly, dsDNA donor introduced into cells overexpressing LCABL 13040-50-60 resulted in chloramphenicol-resistant (Cm R ) colonies with a frequency of ∼2.2 × 10 −7 , while no Cm R colony was obtained in the control strain L. casei BL23 harboring an empty plasmid pMSP3535. Subsequently, the mutants were detected by PCR amplification of the targeted region (Fig. 1B) , and the amplicons were also subjected to sequence analysis for confirmation of the replacement of the 167-bp galK fragment (Biosune Company, Shanghai, China). Figure 1B indicated that the percentage of gene replacement among the tested antibiotic-resistant recombinants was 100%. Therefore, these results demonstrated that the LCABL 13040-50-60 were capable of catalyzing recombination in L. casei BL23.
Functional analysis of prophage-derived proteins LCABL 13040 and LCABL 13060
To dissect the recombination function of LCABL 13040 and LCABL 13060, the recombineering efficiencies were compared 
Prophage-derived recombinases LCABL 13040-50-60 mediated gene deletion and insertion in Lactobacillus casei BL23
From the results in Fig. S3 (Supporting Information), the optimal conditions of gene(s) deletion and insertion were listed as follows: 4 μg linear donor dsDNA with ∼1 kb homology arms were used for electroporation, cells were induced to express LCABL 13040-50-60 by 5 ng/ml nisin at OD 600 = 0.25-0.30 until OD 600 = 0.60-0.65 and the recovery time after electroporation was 1 h. To verify whether the prophage-derived recombinases LCABL 13040-50-60 could mediate markerless gene deletion, cre-lox system was employed for excising selectable marker that was flanked by two sites of lox66 and lox71 in L. casei BL23 (Fig. S4A, Supporting Information) . As the recombinant plasmids pMSP456 (expression of LCABL 13040-50-60) and pMSPcre (expression Cre recombinase) were constructed based on the same vector pMSP3535, pMSP456 need to be cured after replacement of the 167-bp galK fragment with cat gene flanked by two lox sites accomplished by LCABL 13040-50-60. Then, pMSPcre was introduced into a plasmid-free integrant, and Cre was expressed to excise selectable marker gene cat, 21 colonies were picked randomly and amplified by PCR to verify the excision of cat gene (Fig. S4B ). This result demonstrated that cre-lox system was effective in L. casei.
For markerless gene insertion, the lox66-cat-lox71-gfp cassette was generated to insert gfp gene into the chromosomal locus (Fig. 3A) and 10 colonies were picked randomly and verified by PCR (data not shown). Fluorescence intensity of 10 integrants radiated from the green fluorescence protein after 12 h of aerobic incubation was determined. By analyzing the cell growth and relevant fluorescence of each integrants, we found that the gfp gene was expressed successfully (Fig. 3B) . The mutants were also grown under non-selective conditions and cultured at 37 • C to cure pMSP456. After a second round of transformation with pMSPcre, the cells were induced with 10 ng/ml nisin for 24 h. Finally, a markerless mutant that only leaves a lox72 site on the chromosomal DNA was obtained. Nuc: host nuclease; TR:targeted region.
Therefore, it was feasible to use the prophage recombinases LCABL 13040-50-60 for the markerless gene deletion and insertion in L. casei BL23 by combination of cre-lox system (Fig. 4) .
Prophage-derived recombinases LCABL 13040-50-60 mediated precision point mutation in Lactobacillus casei BL23
It was reported that an amino acid change in the rpoB (GenBank: CAQ67747.1) gene that encodes DNA-directed RNA polymerase subunit beta would yield a rifampicin-resistant phenotype (Garibyan et al. 2003) . Here, rpoB was employed as a target to test whether prophage-derived recombinases LCABL 13040-50-60 could mediate precision point mutation in L. casei BL23. First, the natural rifampicin-resistant mutants of L. casei BL23 were isolated and the gene sequence of rpoB was determined. Sequence alignment showed that a point mutation of a A-G transition at position 1460 (H487R) in the rpoB gene of L. casei BL23 yielded a rifampicin-resistant phenotype (Fig. 5A) . Then, an 81-bp oligonucleotide (rpoB5) was designed for targeting the lagging strand of DNA replication that has five consecutive mismatches to avoid mismatch repair system. After overexpression of LCABL 13050, a total of 81 rifampicin-resistant colonies were obtained in three parallel experiments while the control strains without overexpression of LCABL 13050 yielding no rifampicin-resistant colony. Ten of them were picked randomly, and screened by MAMA-PCR, of which eight were expected (Fig. 5B) , and then the mutants were also confirmed by sequence analysis (Biosune Company, Shanghai, China).
Extending the recombination activity of LCABL 13040-50-60 to other LAB strains
In order to extend the recombination activity of LCABL 13040-50-60 to other LAB strains, the most efficient recombinase combination LCABL 13040-50-60-Redγ was introduced into 12 lactobacilli strains and 1 lactococci strain. As shown in Table 1 , LCABL 13040-50-60-Redγ could mediate dsDNA recombineering in all of the tested L. casei stains except for the incompetent L. casei IMAU80733, while recombination was not occurred in L. brevis ATCC 367, L. fermentum 1001, L. rhamnosus CGMCC 11055, Lactococcus lactis NZ9000. LCABL 13040-50-60-Redγ was also be functional in L. paracasei OY and L. plantarum WCFS1, which broadened the host range of LCABL 13040-50-60.
DISCUSSION
Bacteriophages are widely distributed in bacteria, and can be present in several forms, such as inducible prophages or prophage remnants. However, the functional prophageassociated genomes are not fully exploited. Here, we exploited potential recombinases LCABL 13040-50-60 and demonstrated that those proteins are functional as a presumptive 5 -3 exonuclease LCABL 13060, an SSAP LCABL 13050 and a predicted host nuclease inhibitor LCABL 13040, respectively. Based on these prophage-derived recombinases, we successfully achieved a 167-bp galK fragment deletion, the gfp gene insertion and precision point mutation of rpoB gene in the Lactobacillus casei BL23 genome. Also, these recombinases are functional in six other L. casei strains, L. paracasei OY and L. plantarum WCSF1.
So far, several prophage-associated operons encoding recombinases have been reported in bacteria (Zhang et al. 1998; Yu et al. 2000; van Kessel and Hatfull 2007; Yin et al. 2015) . However, they chromosomal insertion (Song et al. 2017) . Moreover, to obtain a linear dsDNA donor cassette for recombination, an overlap extension PCR could be used, avoiding the restriction enzymes and DNA ligations limitation in the traditional double-crossover methods (Murphy, Campellone and Poteete 2000) .
The efficiency of recombineering of LCABL 13040-50-60 can be improved with the assistance of Redγ in L. casei BL23, consistent with the reported prophage-derived recombinases (Fu et al. 2012; Yin et al. 2015) . Therefore, we guess that LCABL 13040-50-60-Redγ might be functional in other lactobacilli. Expectedly, our hypothesis was demonstrated to be valid in L. paracasei OY and L. plantarum WCSF1. However, further studies should be focused on the development of new efficient electroporation protocols for LAB, as the recently reported room temperature electrocompetent Escherichia coli cells improve the recombineering efficiency (Tu et al. 2016) . Because of specific interactions between the recombinases and host-encoded factors, LCABL 13040-50-60-Redγ cannot facilitate dsDNA recombineering in other tested strains. These mean that the host-specific recombinases appear to function only among species that have near relative (Yin et al. 2017) . However, the recombinases presented in this study have a more broad spectrum than Lp 0640-41-42 that was limited to L. plantarum in our preliminary experiments (Yang, Wang and Qi 2015) .
In conclusion, we characterized the potential recombineering function of prophage-derived genes LCABL 13040, LCABL 13050 and LCABL 13060 from prophage PLE3 in L. casei BL23 genome, which could facilitate dsDNA and ssDNA recombineering in L. casei BL23. Based on LCABL 13040-50-60 recombinases, we developed a markerless genome engineering tool in L. casei BL23. Subsequently, by co-expression of Redγ , LCABL 40-50-60 can also be functional in six other L. casei strains, L. paracasei OY and L. plantarum WCSF1. Our research opens up the way to discover prophage-derived recombinases for biotechnology and bioengineering in LAB.
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